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ABSTRACT 
Plasmodium falciparum aquaglyceroporin (PfAQP) is a multifunctional membrane protein in the plasma 
membrane of P. falciparum, the parasite that causes the most severe form of malaria. The current 
literature has established the science of PfAQP’s structure, functions, and hydrogen-bonding interactions 
but left unanswered the following fundamental question: Does glycerol modulate water permeation 
through aquaglyceroporin that conducts both glycerol and water? This paper provides an affirmative 
answer to this question of essential importance to the protein’s functions. On the basis of the chemical-
potential profile of glycerol from the extracellular bulk region, throughout PfAQP’s conducting channel, 
to the cytoplasmic bulk region, this study shows the existence of a bound state of glycerol inside 
aquaglyceroporin’s permeation pore, from which the dissociation constant is approximately 14 µM. A 
glycerol molecule occupying the bound state occludes the conducting pore through which permeating 
molecules line up in single file by hydrogen-bonding with one another and with the luminal residues of 
aquaglyceroporin. In this way, glycerol inhibits permeation of water and other permeants through 
aquaglyceroporin. The biological implications of this theory are discussed and shown to agree with the 
existent in vitro data. It turns out that the structure of aquaglyceroporin is perfect for the van der Waals 
interactions between the protein and glycerol to cause the existence of the bound state deep inside the 
conducting pore and, thus, to play an unexpected but significant role in aquaglyceroporin’s functions. 
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INTRODUCTION 
Plasmodium falciparum aquaglyceroporin (PfAQP) is a member of the membrane channel proteins 
responsible for transport of water, glycerol, and some other selected solutes across the cell 
membrane.(Agre, 2008; Agre et al., 1998; Borgnia et al., 1999; Carbrey and Agre, 2009; Heymann and 
Engel, 1999; Lee et al., 2004) The science is clear that PfAQP conducts both water and glycerol and that 
the amphipathic pore of PfAQP selectively facilitates the passage of waters and glycerols through the 
conducting channel by hydrogen-bonding interactions between the luminal residues and the permeants as 
well as among the permeants.(Beitz, 2007; Beitz et al., 2004; Newby et al., 2008; Schnick et al., 2009) 
However, a question remains unanswered: Does glycerol modulate or inhibit water permeation through 
PfAQP channel that conducts both glycerol and water? This fundamental question can be resolved once 
we have an accurate determination of the chemical potential of glycerol as a function of its center-of-mass 
coordinates along a path leading from the periplasm to the entry vestibule of PfAQP, through the channel, 
to the cytoplasm. This chemical-potential profile, considered on the basis of the structure information 
available in the literature,(Newby et al., 2008) can ascertain the conclusion that glycerol inhibits water 
permeation through PfAQP.  
Inside the PfAQP channel, waters and glycerols line up in a single file, occluding one another from 
occupying the same z-coordinate. (The z-axis is chosen as normal to the membrane-water interface, 
pointing from the periplasm to the cytoplasm.) Therefore, waters and glycerols permeate through the 
amphipathic pore of PfAQP in a concerted, collective diffusion. If a deep enough chemical-potential well 
exists inside the channel (where the chemical potential is lower than the periplasm/cytoplasm bulk level), 
a glycerol molecule will be bound there, with a probability determined by the glycerol concentration and 
the dissociation constant. The bound glycerol will occlude permeation of other molecules through the 
channel. PfAQP will switch between being open and closed to water permeation as a glycerol is 
dissociated from and bound to the binding site inside the protein’s conducting pore. Therefore, such a 
chemical-potential profile means that glycerol modulates water permeation through PfAQP in the glycerol 
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concentration range around the dissociation constant. And the half-maximal inhibitory concentration (IC50) 
is approximately equal to the dissociation constant. 
In order to produce an accurate estimate of the chemical-potential profile of glycerol, I built an all-atom 
model of the PfAQP-membrane system using the CHARMM 36 force fields.(Brooks et al., 2009; 
MacKerell et al., 2000)  I conducted a total of 761 ns equilibrium molecular dynamics (MD) and non-
equilibrium steered molecular dynamics (SMD) simulations, which amount to approximately an order of 
magnitude more than the computing efforts invested on any one aquaglyceroporin in a published work of 
the current literature.  
The main results are shown in Fig. 1. Glycerol is found to have a deep chemical-potential well in the 
PfAQP channel near the Asn-Leu-Ala (NLA) and Asn-Pro-Ser (NPS) motifs that is 6.5 kcal/mol below its 
chemical potential in the bulk of periplasm/cytoplasm, which corresponds to a dissociation constant of 14 
µM. Glycerol binding to or dissociating from this binding site strongly modulates water permeation 
through the PfAQP pore with an IC50 of 14 µM. This theory of glycerol inhibiting PfAQP fully agrees 
with the existing in vitro data. Its validation can be furthered by future experiments measuring the 
glycerol-PfAQP dissociation constant and the water permeability in the full range of glycerol 
concentration from µM to mM. 
METHODS 
System setup. This study was based on the following all-atom model of PfAQP in the cell membrane 
(Fig. 2): The PfAQP tetramer, formed from the crystal structure (PDB code: 3C02) with 20 glycerols, was 
embedded in a patch of fully hydrated palmitoyloleylphosphatidyl-ethanolamine (POPE) bilayer. The 
PfAQP-POPE complex is sandwiched by two layers of water, each of which is approximately 40Å in 
thickness. The system is neutralized and ionized with Na+ and Cl- ions at a concentration of 150 mM. The 
entire system, consisting of 150,459 atoms, is 116Å×114 Å×107 Å in dimension when fully equilibrated. 
This system (SysI) has a glycerol concentration of 24 mM. A second system (SysII), for 0 M glycerol, 
was derived from SysI by deleting all 20 glycerols. It has 150,179 atoms in all and dimensions 
5 
 
approximately equal to those of SysI. The Cartesian coordinates are chosen such that the origin is at the 
geometric center of the PfAQP tetramer. The xy-plane is parallel to the lipid-water interface and the z–
axis is pointing from the periplasm to the cytoplasm. 
All the simulations of this work were performed using NAMD 2.8.(Phillips et al., 2005) The all-atom 
CHARMM36 parameters(Brooks et al., 2009; MacKerell et al., 2000) were adopted for all the inter- and 
intra-molecular interactions. Water was represented explicitly with the TIP3 model. The pressure and the 
temperature were maintained at 1 bar and 293.15 K, respectively. The Langevin damping coefficient was 
chosen to be 5/ps. The periodic boundary conditions were applied to all three dimensions, and the particle 
mesh Ewald was used for the long-range electrostatic interactions. Covalent bonds of hydrogens were 
fixed to their equilibrium length. The time step of 1 fs was used for short-range interactions and the time 
step of 4 fs was used for long-range forces in both equilibrium and nonequilibrium simulations. The cut-
off for long-range interactions was set to 12Å with a switching distance of 10Å. In all simulations, the 
alpha carbons on the trans-membrane helices of PfAQP within the range of -10Å<z<10Å were fixed to 
fully respect the crystal structure. 
Equilibrium MD. Two runs of 100 ns each in length were conducted for SysI and SysII respectively. 
Using the theoretical formulation of Zhu et al,(Zhu et al., 2004) I computed the mean square 
displacements (MSD) of the water molecules in the conducting pore <δn2(t)>, as defined in Refs. (Jensen 
and Mouritsen, 2006; Zhu et al., 2004). The osmotic permeation rate of water, pf=VwDn, is related to the 
slope of an MSD curve, Dn=<δn2(t)>/2t.(Jensen and Mouritsen, 2006; Zhu et al., 2004) Here Vw=3×10-
23cm3 is the average volume occupied by one water molecule.  
Non-equilibrium SMD. SMD runs were conducted to sample the transition paths of glycerol going from 
the periplasm, through the conducting pore, to the cytoplasm, for computing the chemical-potential of 
glycerol as a function of its center-of-mass position. Two sets of SMD simulations were completed to 
achieve reliable statistics. In each set of SMD, the starting structure is the fully equilibrated structure of 
SysI.  The center of mass of a glycerol was steered/pulled in the positive z-direction to sample a forward 
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pulling path, and then pulled in the negative z-direction to sample a reverse pulling path. The entire path 
leading from the periplasm (z<-25Å), through the PfAQP pore, to the cytoplasm bulk region (z>25Å), 
was divided into 50 sections of 1.0 Å each in width. In Set #1, five forward paths and five reverse paths 
were sampled in each of the 50 sections. In Set #2, four forward paths and four reverse paths were 
sampled in each of the 22 sections of 1.0 Å each in width between (-10Å<z<12Å) covering the single-
file region of the conducting channel where waters and glycerols line up in a single file. In both sets, 4.0 
ns equilibration was performed at both end points of each section so that the pulling paths were sampled 
between equilibrium states with the glycerol’s center-of-mass coordinates being fixed at the desired 
values. And, in all cases, the pulling speed was v=2.5 Å /ns. 
Along each forward pulling path from A to B, the work done to system was recorded as WAÆZ when 
glycerol was pulled from A to Z. Along each reverse pulling path from B to A, the work done to system 
was recorded as WBÆZ when glycerol was pulled from B to Z. Here Z represents a state of the system 
when the center-of-mass z-coordinate of the pulled glycerol is z. A and B represent two end states of a 
given section, respectively.  The chemical potential (the standard free energy(Serdyuk, 2007)) of glycerol, 
µ(x,y,z), a function of its center-of-mass position along the permeation path, can be computed from the 
Brownian dynamics fluctuation-dissipation theorem (BD-FDT) as follows (Chen, 2011; Chen et al., 
2010) : 
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Here WZÆA =WBÆA -WBÆZ is the work done to the system for the part of a reverse path when the glycerol 
was pulled from Z to A. kB is the Boltzmann constant and T is the absolute temperature. zA and zB are the 
z-coordinates of the center of mass of the pulled glycerol at the end states A and B of the system, 
respectively. From the chemical potential, one can approximate the potential of mean force (PMF) as a 
function of only the z-coordinate: 
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where Aref. and A(z) are, respectively, the area for reference and the area occupied by the center of mass of 
glycerol on the plane of a given z-coordinate. They are directly related to the glycerol and protein 
concentrations. x*(z) and y*(z) are the median coordinates of integration on the same plane. The second 
term of the second line of Eq. (2) is the entropic penalty. This term is proportional to the temperature. It 
does modify the overall rate of transport but does not alter the Arrhenius activation barrier. 
 
RESULTS AND DISCUSSION 
Chemical-potential profile of glycerol. Shown in Fig. 1 is the chemical potential of glycerol as a 
function of its center-of-mass position along a path leading from the periplasm to the entry vestibule of 
PfAQP, through the channel, to the cytoplasm. Inside the channel, waters and glycerols line up in a single 
file, occluding one another from occupying the same z-coordinate. Outside the channel, farther away from 
the protein, there is more and more space for multiple waters and glycerols to occupy the same z-
coordinate. In the single-file region ( 110 2Å z Å<− < ), the chemical-potential is along the most probable 
path because the z-coordinate of the glycerol’s center of mass was steered while the x- and y- coordinates 
were freely determined by the system’s dynamics. In the non-single-file regions, the chemical potential 
curve in Fig. 1 is along two straight lines leading from the periplasm to the channel entrance and from the 
channel exit to the cytoplasm.  
It needs to be noted here that chemical potential is not exactly identical to the potential of mean force 
(PMF) used in, e.g., Refs. (Aponte-Santamaria et al., 2010; Hub and de Groot, 2008). (See Eq. (2) in the 
previous section.) In the non-single-file regions outside the conducting pore, there are many (infinite) 
possible paths for a glycerol to dissociate from PfAQP. The PMF, being a function of only the z-
coordinate of the glycerol’s center of mass, necessarily involves the information of the glycerol and 
protein concentrations. In contrast, the chemical potential is computed here as a function of the glycerol’s 
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center-of-mass position (x-, y-, and z-coordinates) along two chosen straight lines leading from the 
protein to the periplasm and to the cytoplasm, respectively. It does not incorporate the concentration-
dependence (namely, the entropic contributions) here. Considering this chemical potential (the standard 
free energy) along with the concentration terms,(Chandler, 1987; Serdyuk, 2007) one can show that the 
absolute binding free-energy of glycerol is equal to the chemical-potential difference between the apo 
state (z=25Å) and the bound state (z=3Å): Eb=-6.5±1.5 kcal/mol. 
Correspondingly, the dissociation constant of glycerol from PfAQP is kd=exp[Eb/kBT]~14 µM. It should 
be emphasized that the binding site is in the single-file region. Therefore, water permeation through 
PfAQP is inhibited by glycerol dwelling at the binding site because a glycerol bound inside PfAQP 
occludes the entire conducting channel. The half-maximal inhibitory concentration is equal to the 
dissociation constant, IC50=kd. Currently, there is no means to conduct a direct experimental confirmation 
of the chemical-potential curve in Fig. 1 but it is feasible to verify the consequences of such a chemical-
potential profile. The following biophysical implications of the theory are verifiable by in vitro 
experiments and, indeed, the first two are validated with the existent in vitro data in the current literature. 
1. Binding sites of glycerol in PfAQP’s pore. The chemical-potential landscape (Fig. 1, top panel) 
corresponds well with the pore radius of PfAQP along the channel (Fig. 3). Where there is a maximum in 
pore radius, there is a minimum in chemical potential. There are two chemical-potential minima in the 
single-file region---one near the selectivity-filter (SF) and one in the region of the NLA-NPS motifs. The 
locations of these minima are in agreement of the structural studies of PfAQP that show a glycerol near 
the SF and another near the NLA-NPS motifs (Fig. 1, bottom panel).(Newby et al., 2008) The two 
minima are both far below the bulk chemical-potential level. A glycerol bound at either of the two 
minima will occlude the conducting channel of PfAQP. 
2. Rates of water permeation through PfAQP vs glycerol concentration. The chemical-potential profile in 
Fig. 1 implies strong inhibition of water transport by glycerol because a glycerol molecule dwelling in the 
chemical-potential well occludes the conducting pore. The IC50 is approximately 14 µM. In another word, 
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the water permeability of PfAQP in absence of glycerol should be significantly higher than the case with 
practically any amount of glycerol present. This prediction is in perfect agreement with the existing in 
vitro experiments:  
In (Hansen et al., 2002), Hansen et al demonstrated the water permeability of PfAQP is nearly equal to 
that of the water-selective AQP1 (276 versus 304 µm/s) when glycerol was not used during the water 
transport assays. Both of those permeabilities are more than 16 times higher than the water permeability 
of control Xenopus oocytes (17 µm/s).  
In a 2012 in vitro study,(Song et al., 2012) Song et al examined water permeability of PfAQP expressed 
in protoplasts.  They determined the rate constants from the exponential fitting of their light scattering 
curves. The rate constants so determined are proportional to the water permeation rates across the 
protoplasts. They extracted the difference between the rate of PfAQP-expressing protoplasts and the rate 
of the non-expressing control protoplasts for different osmolytes including glycerol. For 300 mosM 
across the protoplasts induced by sucrose in absence of glycerol, the rate difference was 0.3/s. For the 
same 300 mosM induced by glycerol, the rate difference was only 0.01/s, indicating the PfAQP was 
completely inhibited at high glycerol concentration.  
Interestingly, in the transport assays of (Newby et al., 2008),  glycerol was not added to the assay buffers 
for water permeation measurements. But glycerol was used throughout the protein preparation procedures. 
The purified proteins were saturated with glycerols due to the high glycerol concentration in the 
preparation buffers. Those glycerols were not removed from the proteins but brought into the transport 
assay buffers. This gave a low but nonzero glycerol concentration (an estimation would give us 12 µM) in 
the water transport assay buffer. Rates of water conductance at 4°C were found to be 21.5±0.8 for 
proteoliposomes vs 4.5±0.1 for control liposomes, an approximately five-fold increase in water 
permeation by PfAQP reconstitution into the liposomes. In comparison with this five-fold increase, the 
increase due to AQP1 reconstitution was found(Zeidel et al., 1992) to be 76 folds at 5°C (extrapolated 
from measured data in the temperature range from 8.5°C to 37°C). And the increase due to AQPZ 
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reconstitution was approximately 64 folds at 5°C.(Borgnia and Agre, 2001) Put these in vitro data 
together, it is clear that PfAQP was permeable to water in the experiments of Newby et al,(Newby et al., 
2008) but it was less permeable than AQP1 or AQPZ, indicating partial inhibition of water permeation 
through PfAQP by glycerol in the µM range. 
To make this aspect explicit, I conducted two equilibrium MD simulations of 100 ns each with 24 mM 
(SysI) and 0 mM (SysII) glycerol concentrations, respectively. I computed the rates of water permeation 
through PfAQP from the mean square displacements of waters inside the conducting pore of PfAQP 
(shown in Fig. 4).(Zhu et al., 2004) The osmotic permeability of water at 0 mM glycerol concentration 
was computed to be 6.5±0.6 cm3/s. And the osmotic permeability at 24 mM glycerol concentration was 
estimated to be 0.7±0.6 cm3/s. These rate estimates and the afore-listed in vitro measurements together 
point to the conclusion one can draw from the chemical-potential in Fig. 1 that glycerol inhibits water 
transport through PfAQP with an IC50 below the mM range. Further functional experiments in this 
concentration range around the IC50 are expected to demonstrate significant variation in the water 
permeation rate from the glycerol-free limit to the glycerol-saturated limit. 
3. Activation barrier for glycerol permeation. The highest chemical-potential barrier is at the SF that is 
11.5±1.2 kcal/mol above the bottom of the chemical-potential well near the NLA-NPS. This means that 
glycerol transport has an Arrhenius activation barrier approximately 11.5 kcal/mol in similarity to GlpF 
(Chen, 2012). This can be validated by in vitro experiments measuring glycerol permeation rates at 
multiple temperatures in a way similar to what was done for GlpF.(Borgnia and Agre, 2001) 
4. Activation barrier for water permeation. In the bound state, a glycerol molecule resides in the single-
file region, deep inside PfAQP’s conducting channel, occluding waters or other glycerols from traversing 
the channel.  When the glycerol concentration is in the mM range (far above the dissociation constant, 14 
µM), the PfAQP pore is practically saturated with glycerol. Water permeation is fully correlated with the 
glycerol dissociation. Therefore, the Arrhenius barrier for water permeation through PfAQP at mM 
glycerol concentrations is no less than the activation barrier for glycerol dissociation to the cytoplasm (8.5 
11 
 
kcal/mol). This theoretical result of the activation barrier can be verified from measurements of the water 
permeation rates at multiple temperatures. At 0 M glycerol concentration, PfAQP’s conducting pore will 
be glycerol-free. The chemical-potential of water permeation is expected to resemble GlpF, being flat 
throughout the open channel, having a low Arrhenius barrier, Ea0<4 kcal/mol,(Aponte-Santamaria et al., 
2010; Chen et al., 2010; de Groot and Grubmüller, 2001) which is similar to that of AQPZ.(Pohl et al., 
2001) 
Relevant interactions. Now, what interactions are responsible for the chemical-potential profile shown in 
Fig. 1? Full understanding has been achieved in regards to the hydrogen-bonding of glycerol/water to the 
luminal atoms of PfAQP throughout its amphipathic pore.(Newby et al., 2008) These interactions do not 
give rise to high barriers or deep wells because the number of hydrogen bonds that a glycerol/water can 
form with PfAQP does not vary drastically with its location throughout the conducting channel. However, 
the dimension of the conducting pore is not uniform (Fig. 3). The narrowest part of the channel is in the 
SF region, and another narrow part is between the NLA-NPS motifs and the channel exit on the 
cytoplasmic side. In the region of the NLA-NPS motifs, the channel is still single-file in nature but wider 
than the two narrow regions. Interestingly enough, even the narrowest part of the PfAQP channel (3.3 Å 
in diameter) is wider than the diameter of a water molecule (2Å). Water can traverse the entire channel 
without causing structural distortions to the protein. Permeation of water, in the absence of glycerols, is 
dominated by the hydrogen-bonding interactions among waters and with the luminal atoms. In contrast, 
the size of a glycerol molecule is 3.6Å in the least extended dimension. It cannot traverse the PfAQP pore 
as freely as a water molecule does. In fact, it is the close contact between a glycerol molecule and the 
PfAQP lumen that gives rise to the chemical-potential profile shown in Fig. 1. The width of the pore turns 
out to be such that the van der Waals (VDW) forces on the glycerol by the surrounding residues are all 
attractive in the NLA-NPS region, causing the chemical potential there to be lower than the bulk level. 
The bound state of a glycerol deep inside the PfAQP channel owes its existence to the attractive VDW 
interactions between glycerol and the residues near the NLA-NPS motifs. The two chemical-potential 
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barriers result mainly from the repulsive VDW forces on the glycerol by the residues in the two narrow 
parts of the PfAQP channel (Fig. 5, left panel). The barrier at the SF also has significant contributions 
from the conformational changes (Fig 5, right panel) of the SF-forming residues caused by the presence 
of the glycerol. 
Similarity between PfAQP and GlpF. Escherichia coli aquaglyceroporin (GlpF) is the other 
aquaglyceroporin whose structure and functions were well established in the literature. In (Chen, 2012), I 
presented the in silico study of GlpF. The chemical-potential profile of glycerol in GlpF closely resembles 
that of glycerol in PfAQP. The implications of glycerol inhibiting water permeation through GlpF are 
similar to PfAQP and are consistent with the existing in vitro data as well. 
CONCLUSION 
Based on the existent in vitro experiments and the chemical-potential profile mapped out in the present 
study, it is logical to suggest that glycerol bound inside PfAQP’s conducting channel inhibits water 
permeation through its amphipathic pore. As an addition to the science of hydrogen-bonding of waters 
and glycerols in the conducting pore, this study demonstrates that the van der Waals interactions between 
PfAQP and a glycerol play a distinctive biological role. The size of the conducting pore is such that a 
region exists near the NLA-NPS motifs where the VDW interactions between PfAQP and a glycerol are 
attractive. This precise steric arrangement of PfAQP causes the glycerol’s chemical potential there to be 
lower than its bulk level and, therefore, a bound state of glycerol exists deep inside the single-file channel. 
Finally, this theoretical study can have very serious medical implications. It leads to this hypothesis: 
When the glycerol concentration is much higher than the dissociation constant (14 µM), P. falciparum 
will lose its abilities to maintain hydro-homeostasis and to excrete metabolic wastes through PfAQP 
across its plasma membrane. If indeed P. falciparum has no other means than PfAQP for water transport 
and for waste excretion,(Beitz, 2007) the parasite will be killed by oversupply of its nutrient (glycerol)!
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Fig. 1 Top panel, the chemical potential of glycerol though the PfAQP conducting pore vs its center-of-
mass z-coordinate (The z-axis is normal to the cell membrane and points from the extra-cellular to the 
intra-cellular side). Bottom panel, binding sites of glycerol in and outside the conducting channel of 
PfAQP. Shown here are some of the waters (in vdw representation, colored in yellow), five glycerols (in 
vdw, colored by element names), and some of the protein residues (in surface, colored by residue types). 
Not all protein residues are shown for the purpose that the conducting channel and glycerols are easily 
visible. The coordinates of all the atoms are of the end state of a 3.0 ns equilibration of SysI during which 
all non-hydrogen atoms of the glycerols and the protein are fixed to their crystal positions (PDB code: 
3C02). Graphics rendered with VMD.(Humphrey et al., 1996) 
 
 
 
 
 
 
Fig. 2. All-atom model of PfAQP in the cell membrane. The system is 116Å×114 Å×107 Å in dimension. 
Visible in the left panel are waters (in licorice representation), lipids (licorice), ions (vdw), and one 
glycerol (vdw). Shown in the right panel are the PfAQP tetramer (in cartoon representation, colored by 
segname), lipids (licorice), and glycerols (vdw). All except PfAQP are colored by element name. 
Graphics rendered with VMD (Humphrey et al., 1996). 
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Fig. 3. Top panel, pore radius of the PfAQP conducting channel in comparison with GlpF. The radii were 
computed from the crystal structures (PDB codes: 3C02 for PfAQP and 1FX8 for GlpF) using 
HOLE2.(Smart et al., 1993) Bottom panel, illustration of the conducting pore (colored in green (narrow) 
and blue (wide)) along with some of the protein atoms (in wireframes, colored by element name). Not all 
atoms of the protein are shown for the purpose that the conducting pore is easily visible. Graphics 
rendered with VMD.(Humphrey et al., 1996) 
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Fig. 4. The mean square displacement (msd) of waters in the conducting pores of PfAQP of SysII (left 
panel) and SysI (right panel). The MD trajectory was divided into segments of 0.1 ns each, over which the 
displacements of the waters in the pore were included in the relevant statistics. 
 
 
 
 
 
 
 
 
Fig. 5. Left panel, the van der Waals interaction energy between a glycerol and the protein vs the center-
of-mass z-coordinate of the glycerol. Right panel, the root mean square displacement of the lumen 
residues of PfAQP vs the center-of-mass z-coordinate of a glycerol as it traverses the conducting channel.  
 
